The parasite Theileria parva is the causative agent of East Coast fever (ECF), one of the most serious cattle diseases in sub-Saharan Africa, and directly impacts smallholder farmers' livelihoods. There is an efficient live-parasite vaccine, but issues with transmission of vaccine strains, need of a cold chain, and antibiotics limit its utilization. This has fostered research towards subunit vaccination. Cytotoxic T lymphocytes (CTL) are crucial in combating the infection by lysing T. parva-infected cells. Tp1 is an immunodominant CTL antigen, which induces Tp1-specific responses in 70-80% of cattle of the A18 or A18v haplotype during vaccination with the live vaccine. In this study, human adenovirus serotype 5 (HAd5) and modified vaccinia Ankara (MVA) were assessed for their ability to induce Tp1-specific immunity. Both viral vectors expressing the Tp1 antigen were inoculated in cattle by a heterologous primeboost vaccination regimen. All 15 animals responded to Tp1 as determined by ELISpot. Of these, 14 reacted to the known Tp1 epitope, assayed by ELISpot and tetramer analyses, with CTL peaking 1-week post-MVA boost. Eleven animals developed CTL with specific cytotoxic activity towards peripheral blood mononuclear cells (PBMC) pulsed with the Tp1 epitope. Moreover, 36% of the animals with a Tp1 epitope-specific response survived a lethal challenge with T. parva 5 weeks post-MVA boost. Reduction of the parasitemia correlated with increased percentages of central memory lymphocytes in the Tp1 epitope-specific CD8 + populations. These results indicate that Tp1 is a promising antigen to include in a subunit vaccine and central memory cells are crucial for clearing the parasite.
INTRODUCTION
East Coast fever (ECF) is one of the most devastating tick-borne infectious diseases of cattle in sub-Saharan Africa. ECF has been targeted, by the Food and Agriculture Organization of the United Nations (FAO) and by the World Organization for Animal Health (OIE), as a high priority infectious disease for control to improve livelihoods of poor smallholder farmers. 1 The burden associated with this disease is heavy, with mortalities reaching 70% in susceptible populations of eastern, central, and southern Africa where ECF is endemic. 2 Even if animals survive the infection, milk and meat production is greatly affected 3, 4 and ECF has therefore a substantial socio-economic impact. Hence, a vaccine to control this disease is of high value in affected countries and will certainly lead to improved human lives. 5 This lymphoproliferative disease is caused by a tick-borne protozoan parasite, Theileria parva, which infects African buffaloes and cattle, but only the latter develop disease. There is a commercially available live vaccine, which is based on injection of a cocktail of three sporozoites isolates, called the Muguga cocktail, followed by treatment with long-acting tetracycline, [6] [7] [8] known as the "Infection-and-Treatment Method" (ITM). The ITM acts similar to a live-attenuated vaccine (LAV), and it has therefore the advantage of providing long-lived immunity 9, 10 as observed with other LAV such as the yellow fever, measles, or Rinderpest vaccines. 11, 12 However, several drawbacks limit broad utilization of this vaccine. For example, it possesses the risk of spreading the disease to naïve populations as vaccinated animals can become carriers of the parasite. 13 This has particularly impeded a broad deployment of this vaccine in several African countries due to differences in circulating strains. Other obstacles that hinder a broad utilization include the high costs associated with the use of antibiotics included in the ITM procedure, the need for a liquid nitrogen cold chain to deliver the vaccine, and the complexity and regulatory aspects associated with its production. Therefore, there is an urgent need for a more affordable, simpler, and safer vaccine.
Substantial evidence indicates that cytotoxic CD8 + T lymphocytes are crucial for protection of animals towards this parasite. 9, [14] [15] [16] It has been shown that the schizont stage, which is the pathogenic stage of the parasite, is the target of cytotoxic T lymphocytes (CTL) elicited by the ITM vaccination. [17] [18] [19] In addition, early studies showed that adoptive transfer of CTL from T. parvaimmune twin animals conferred protection in naïve recipient animals when challenged with T. parva. 16 Several CTL-inducing T. parva antigens have been identified in the past, 20, 21 with the Tp1 antigen 22, 23 inducing immune responses in at least 70% of BoLA-6*01301/01302 [A18/A18v]-positive cattle when vaccinated by ITM, indicating that this is an immunodominant antigen in these haplotypes (unpublished data).
Viral vectors are among the few delivery systems capable of inducing CD8
+ T cells, with adenoviral and modified vaccinia virus vectors among the more widely used. These viral vectors were developed in the past years and several have shown promising results, 24, 25 either used as single injections, or in homologous or heterologous prime-boost vaccination regimens. They induced potent humoral and cellular immune responses against several pathogens, including Plasmodium falciparum, 26 Ebola virus, 27 influenza virus, 28 HIV, 29 tuberculosis, 25 and rift-valley fever virus. 30 In the case of T. parva vaccine development, previous attempts to induce schizont-specific CTL immunity in cattle with other recombinant viral-vectored vaccines showed promising immunogenicity, however, with poor immunity upon challenge. 20, 31 In this study, we evaluated a heterologous prime-boost regimen, using the Tp1 schizont antigen delivered by the human adenovirus serotype 5 (HAd5) as prime and modified vaccinia Ankara (MVA) as boost for induction of CD8 + cells and for protection. As studies have shown that the presence of a signal peptide sequence upstream of a start codon can modify or increase CTL responses due to changes in secretion and/or expression of the antigen, 32 we also sought to compare the CD8 + T cell immune responses induced by HAd5 and MVA expressing the Tp1 antigen containing the tissue plasminogen activator (tPA) signal peptide (SP), the native Tp1 signal peptide or the mature Tp1 protein without any signal peptide, and assess if any of these constructs could confer protection towards a lethal challenge with the T. parva parasite. Furthermore, we have evaluated a panel of immune parameters for correlation with the level of parasitemia and with protection.
RESULTS
Tp1 is expressed by both HAd5 and MVA vectors and efficiently processed and presented in infected cells Utilization of adenovirus and MVA as viral vectors for antigen delivery relies on their ability to efficiently infect and express a transgene in inoculated tissues or antigen-presenting cells. We inserted the Tp1 gene with the three different signal peptide versions in HAd5 and MVA and tested the expression of the antigen in bovine fibroblast cells (BFC). Efficient generation of peptides by the immunoproteasome, translocation of peptides into the endoplasmic reticulum, and binding to the MHC class I molecules are important mechanisms for stimulation of T lymphocytes. To test this, BFC of the A18 haplotype were infected with HAd5 at multiplicity of infection (MOI) ranging from 1 to 100 and MVA at an MOI of 1, the latter due to the high cytotoxicity associated with this viral vector. An ELISpot was performed by coculturing the infected BFC and a Tp1-specific CTL line. The ELISpot revealed an equal level of presentation and stimulation of the CTL by the infected BFC for all constructs. A lower expression level of the Tp1 protein is observed for the MVA constructs, which is most probably due to the lower MOI used and the remaining cytotoxicity at this low MOI (Fig. 1) . In addition to this, both Vero and BFC cells were infected with HAd5 or MVA, lysed with radioimmunoprecipitation assay buffer and a western blot was performed with rabbit anti-Tp1 serum to evaluate Tp1 protein expression from the three different constructs. No marked differences in expression levels were observed between constructs possessing different signal peptides (data not shown). This showed that all constructs were functional in generating the Tp1 epitope and could therefore be tested in an in vivo experiment.
All viral vectors induce strong Tp1-specific CD8
+ and CD4 + T cell responses Three groups of five cattle were inoculated intramuscularly in the mid-neck muscle with 2 × 10 9 infectious units of HAd5 followed by intramuscular injection of 7.5 × 10 8 plaque-forming units (pfu) of MVA into the muscle on the opposite side, 8 weeks post HAd5 prime for each of the three constructs (Fig. 2a) . The Tp1-specific responses were monitored at several time points post HAd5 prime (Fig. 2a) . First, a Tp1 epitope IFN-γ-ELISpot assay was conducted using ex vivo CD8-purified lymphocytes at days 0, 14, 21, 28, and 56 post HAd5 prime, as well as at day 7 and 28 post-MVA boost (63 and 84 post HAd5 prime). A slight increase in the average group IFN-γ production was observed 2 weeks post HAd5 prime after stimulation with the Tp1 peptide epitope, but this resolved back to background levels at day 21 (Fig. 2b) . One week following MVA inoculation, a peak in the CD8 + Tp1-specific populations appeared, showing substantially boosted responses compared to days 0 and 14 post HAd5 prime (Fig. 2b) (Fig. 2c) . However, no statistically significant differences were observed between the groups [p-value = 0.505].
In parallel with the ELISpot assay, evaluation of the Tp1-specific responses was conducted by flow cytometry using Tp1-BoLA-6*01302 peptide-MHC class I tetramers as described in a previous study. 33 PBMC were stained with anti-bovine CD8 antibody concomitantly with Tp1-BoLA-6*01302 tetramers and the percentages of Tp1-specific CD8 + cells were evaluated. Analyses were performed by gating on lymphocytes, single cells, live fraction population, and double-positive Tp1 + /CD8 + lymphocytes (Fig. 3a) . This revealed percentages in the range of 0-3.46% of PBMC, with averages ranging from 0.72-1.24% which is comparable to the percentage of Tp1
+ lymphocyte population generated during an ITM immunization regimen. 33 No statistically significant differences were observed between the groups [p-value = 0.231] (Fig. 3b) . All animals had measurable responses by flow cytometry except for one animal, which did not show any response to the known Tp1 epitope as initially observed in the ELISpot assay (Fig.  2) . In conclusion, the vaccination seemed to induce robust Tp1 epitope-specific CD8 responses.
Previous reports have shown the potency of the HAd5/MVA vaccination system for induction of strong CD4 responses. 34 Even though Tp1 is only known for its ability to induce CD8 + T cells, we also evaluated the induction of CD4 + T cells. This was included to get an indication of the ability of the prime/boost regimen to induce CD4 + T cells in cattle but there was also a possibility that Tp1 itself could be a good CD4 antigen, as this had not previously been tested. Slight proliferations of total PBMC and purified CD4 + T lymphocytes were measured at 14 days post HAd5 prime (data not shown), upon exposure to the Tp1 peptide pool or recombinant full-length Tp1 protein.
In accordance to what was observed for the CD8 + T cell response, robust proliferation of PBMC (data not shown) and CD4 + T lymphocytes (Supplemental Fig. 1 ) could be observed 7 days post-MVA boost in all groups. This shows that HAd5/MVA can potentially be a good system to generate CD4
+ responses towards T. parva-specific T helper antigens in cattle, and it is established knowledge that CD4 + T cells are required for priming of both CD8
+ T cells and B cells, in most systems (reviewed in ref. 35 ).
Generation of effector and central memory lymphocytes
Several studies have highlighted the relationship between the presence of central memory T cells (T CM ) and protection from disease. T CM are located in lymphoid organs and can proliferate and become activated more rapidly upon recognition of a specific epitope 35 compared to effector memory (EM) cells, which are present in peripheral tissues and expand less rapidly upon antigen recognition. Several markers are associated with CM and EM activation. Among available markers in bovine immunology, we used L-selectin (CD62L) and CD44 as markers of migration and activation respectively since previous studies have shown that central memory cells express both of these markers 36, 37 (Fig. 4a ). These markers have also successfully been used in bovine immunology studies. [38] [39] [40] We analyzed the percentage of Tp1
+ in each animal of the three different groups. The animal with no measurable Tp1
+ population was not included in the analysis. Analyzing these populations indicated that T CM are present in higher frequencies in the first two groups than the third group (p-values of 0.029 and 0.031, respectively) with averages of 67.13% and 64.93% for groups 1 and 2 (Tp1 tPA-SP and Tp1 NO-SP ), whereas group 3 (Tp1 NAT-SP ) shows a lower percentage of T CM cells with an average of 44.73% (Fig. 4b, c) .
Generation of CTL by HAd5/MVA-Tp1 vaccination To test if HAd5/MVA prime-boost regimen induced CD8
+ T cells with lytic activity, we generated two bulk lines from each animal, one re-stimulated with autologous T. parva Muguga-infected lymphocytes (TpM) and the other with a pool of 16-mer peptides, overlapping by 12 amino acids, covering the full-length Tp1 antigen (Tp1 pool ), which includes the Tp1 epitope. We observed that the lines generated by the Tp1 pool -stimulated cells lysed Tp1 epitope-pulsed autologous PBMC, but not autologous TpM (example shown in Fig. 5a ). However, none of the lines generated by coculturing with autologous TpM lysed autologous TpM, even though there was robust recall of Tp1-specific CD8 + lymphocytes in some of the CTL bulks as measured by tetramer staining (data not shown). Two out of 15 animals generated CTL in the autologous TpM-stimulated bulk, which had detectable lytic activities towards Tp1 epitope -pulsed autologous PBMC (data not shown). The Tp1-positive cells were found to be perforin-positive in all the bulk CTL that were generated (example shown in Fig. 5b) , indicating proper activation. In summary, we observed that 11 out of 15 animals had generated CTL from the Tp1 pool -stimulated bulk lines, which had detectable lytic activities using Tp1 epitopepulsed PBMC as target cells (Fig. 5c ).
Inoculation of cattle with HAd5/MVA-Tp1 confers partial protection at group level against a lethal challenge with T. parva To evaluate the protective capacity of the experimental vaccine, animals were re-tagged (blinded experiment) and challenged with a lethal dose 100% (LD100) of T. parva 5 weeks post-MVA boost (Fig. 2a) . All Tp1-immunized animals were considered as one group since there were no statistical difference in the immune responses between the groups immunized with the three different Tp1 constructs. Two control groups, one which was inoculated with HAd5/MVA-GFP and another non-immunized group were challenged in parallel. Animals were injected subcutaneously with a 1:20 dilution of the T. parva Muguga strain (stabilate 3087). Animals were monitored daily and an ECF index was generated by collecting thirteen parameters including onset of fever, onset of schizonts and piroplasms as described previously. 41 Of the 15 animals inoculated with HAd5/MVA-Tp1, 5 animals were able to control the infection (Fig. 6a) . One animal controlled the infection in the non-treated control group but none in the other control group, the HAd5/MVA-GFP inoculated group. A statistically significant difference was observed between the control animals and the HAd5/MVA-Tp1-immunized animals when comparing the survival Kaplan-Meier curve (Mantel-Cox, p-value: 0.025, and 0.010 if both control groups are combined). Evaluating the ECF index, control animals had ECF indices ranging from 5.54 to 8.52 whereas HAd5/MVA-Tp1-immunized animals had an ECF index ranging from 3.57 to 8.80 with four animals developing an ECF index below 6, indicating they were mild and mild/moderate reactors ( Fig. 6b ) and immune to ECF. Among all 13 parameters collected for the calculation of the ECF index, we have observed that the level of parasitemia in the blood was significantly lower (p-value: 0.033 and 0.024 for schizonts at day 14 post infection and piroplasm, respectively) in all immunized animals at the onset of schizonts in the contralateral lymph node and of piroplasmosis (at day 16 post infection) in the blood (Fig. 7a, b) . Within the HAd5/MVA-Tp1-immunized group, there is a clear distinction in the parasite load between the immune and non-immune animals with the former showing significantly lower number of parasites (Fig. 7c, d , all p-value <0.020 and 0.003 for the schizonts and piroplasm, respectively). Parasitemia, and especially piroplasmosis, is an important parameter defining the ECF index since 9 out of 13 parameters are based on parasite measurements. This also explains the reason why some authors have used the piroplasm value as the main biological parameter to categorize animals according to ECF severity as developed in the Schetters scoring method. 42 Interestingly, among all immunological parameters measured, a higher percentage of the Tp1 + /CD8 + cell population displaying a central memory phenotype correlated (p-value = 0.009, r 2 = 0.48) with a lower level of piroplasm (Fig. 7e) . The correlation is even more evident when comparing the CD8 + EM/CM ratio 43 in relation to piroplasm levels (p-value = 0.004, r 2 = 0.69) (Fig. 7f) . This suggests that the Tp1-specific CTL response has a positive effect 
DISCUSSION
The ITM, using the Muguga cocktail vaccine, is an efficient way of vaccinating against ECF and it has successfully been utilized in, e.g. Tanzania, for protection of cattle. 44, 45 Substantial evidence indicates that cytotoxic CD8 + T lymphocytes induced by the ITM vaccine are crucial for protecting the animals against the T. parva parasite. Therefore, induction of CD8 + T lymphocytes is an important parameter to consider in the development of subunit vaccines towards ECF. Here we report for the first time the use of HAd5/MVA prime-boost regimen for delivering a T. parva CD8 + antigen. Upon boosting with MVA-Tp1, we measured a Tp1 epitope-specific CD8 + response in 93% of animals and observed a level of protection of 33% upon a lethal challenge compared to 6% (1 out of 16) of control animals surviving the challenge. When considering the 14 Tp1 epitope-responding animals only, the level of protection was 36%. A more objective way to compare these results with previous ECF immunization studies is to use the ECF index, 41 which define mild or mild/moderate reactor animals as having an ECF index below 6 and moderate/severe and severe reactor animals with an ECF index of 6 and above. Using this criterion, we observe that 6% of the animals are mild/moderate reactors in the combined control group whereas 27% are mild or mild/moderate reactors in the vaccinated group. In a previous study using DNA or canarypox virus prime followed by MVA boost, with a panel of T. parva CTL antigens, CD8
+ responses were induced in 79% of animals but only 8% were mild or mild/ moderate reactors in the vaccinated group when considering the ECF indices. 20 Therefore, a clear improvement of almost three-fold was obtained in this present HAd5/MVA study, compared to the previous immunization protocol. Further, it is important to note that the challenge dose used in this study does not reflect the exposure level of the parasite in natural conditions, which is closer to an LD70 on average, estimated from the lethality found in fieldsettings on herd level. 46, 47 A challenge with a more natural level of sporozoites would probably increase the level of protection induced by this vaccination strategy.
The presence or absence of signal peptides has been reported to have a great impact on the expression and presentation of antigens 32 and hence immune responses. When comparing immune responses in the three groups, slightly higher levels of specific lysis of the Tp1-pulsed PBMC could be observed from the group of animals receiving the Tp1 with the native signal peptide (Group 3), but differences were not statistically significant. Group 3 also had a lower, but more evenly distributed response towards the Tp1 epitope in the ELISpot assay and slightly higher percentages of Tp1-specific cells as measured by tetramer analysis, however, with lower central memory phenotype. This is unlikely to be due to differences in expression levels, presentation levels, or export of Tp1, as there were no differences in these parameters in vitro between Tp1 constructs ( Fig. 1 and data not  shown) . Nevertheless, it would require substantially more animals per group to establish significant differences between the three animal groups. Hence, in this study, we have treated the three immunized groups as one. ITM vaccination confers a protection level close to 100%, 48 whereas 27% was obtained in this study, after retrieving the 6% survival rate in the combined control groups. Reasons for this could be differences in the magnitude or the quality of the CTL response generated by the two regimens. However, animals immunized by ITM develop similar levels of Tp1-specific CD8 + T cells as seen in the HAd5/MVA immunized animals, when assessed by ex vivo ELISpot and tetramer analysis 33 (and unpublished data), indicating that the differences in protection using the two regimens are not attributed to quantitative differences in Tp1-specific cytotoxic T cells. A more likely explanation is that the observed differences are simply due to the number of antigens used in the two systems. The parasite genome consists of more than 4000 genes, making it likely that several proteins will function as antigens on individual infected cells when the ITM regimen is used and hence the CTL will kill them more easily. The reflection of this may be a lower protection level of the HAd5/MVA-immunized animals and lack of killing of infected cells in vitro, as observed in this study, even though we could measure specific CTL activity on autologous TpM for a larger fraction of the animals in a subsequent experiment (data not shown, manuscript in preparation). However, it has previously been suggested that there is a marked immunodominance operating in animals immunized using ITM, 22, [49] [50] [51] but these studies were in most cases performed using MHC class I homozygous animals, which will skew the response towards certain epitopes. Subdominant CTL responses have been shown to exist in immune responses to T. parva 52 and this could contribute to the overall cytotoxic activity towards T. parva-infected lymphocytes. Several CTL antigens have previously been identified, 20 of which some were also good CD4 + T cell inducers (Ivan Morrison, personal communication). The latter is important as CD4
+ lymphocytes are necessary for priming and recalling of CD8 + memory cells in most systems (reviewed in ref. 35 ). It would be interesting to include other CTL or CD4
+ antigens in the regimen in the future, to see if the protection level improves.
Another explanation for the differences in protection levels obtained by ITM and HAd5/MVA could be due to the qualities of the Tp1-specific CD8 + T cells in the two regimens, e.g., it is known that the level of antigen can influence the TCR affinity/avidity, 53 and the level of Tp1 expression in vivo could differ among the two regimens. Further, T. parva is known to modulate the immune response by increasing IL-10. 54, 55 Interestingly, a recent study indicated that this cytokine environment could guide a better maturation of CD8 + T lymphocytes to the memory phenotype, 56 and this might be suboptimal in HAd5/MVA-immunized animals.
Other parameters that can explain suboptimal efficiency of the CTL is the diversity of the T cell receptors selected during the response towards a single antigen, and polyfunctionality of the Tp1-specific T cells. These parameters have previously been shown to correlate positively with a better protection upon challenge 57 for other diseases. Several of the mentioned parameters that can influence the quality of T cells are currently being assessed at ILRI in a parallel experiment (data not shown, manuscript in preparation).
The success of the ITM vaccine resides in its capacity to induce long-lived immunity towards T. parva. A crucial feature of vaccines that induce life-long protection is their ability to induce memory cells, which can respond to antigens previously encountered in infection or vaccination. Several studies have indicated the important role of both effector and central memory CD8 + lymphocytes in providing protection and controlling parasitemia or viremia in infected hosts. Studies have shown that the human immunodeficiency virus (HIV) long-terminal non-progressors (elite controllers) develop a high percentage of Gag-specific CD8 + central memory lymphocytes compared to progressors, 58 and this correlates positively with lower viral loads. 59 Similarly, experiments conducted in mice inoculated with Plasmodium sp. parasites demonstrated a role of CD8 + memory T cells in conferring protection and indicated a correlation between memory cells and lower parasitemia. 60 In this study, we observed a negative correlation of the Tp1
+ -specific central memory cells and the parasitemia (numbers of piroplasms in whole blood). This agrees with previous reports demonstrating that adenovirus vectors can be good inducers of central memory CD8 + T cells. 61 This also indicates that central memory CD8 + lymphocytes are key players in providing control of T. parva parasites upon challenge.
In summary, we have demonstrated that the HAd5/MVA primeboost immunization regimen has the capacity to induce CTL directed to the Tp1 antigen from T. parva and that it confers partial protection against a lethal challenge with the parasite. This is the first report showing that just one T. parva CTL antigen can induce partial protection towards a T. parva infection. These results suggest that the HAd5/MVA vectors are potent inducers of CD8 + memory T lymphocytes in cattle and that this delivery system can be used for down-selection of potential pathogen antigens to include in a subunit vaccine. It is conceivable that more antigens are required for obtaining full protection and this will eventually also be required for obtaining protection in animals that have not been BoLA-preselected and for covering the variety of Theileria parva strains circulating in the region.
MATERIALS AND METHODS

Generation of human adenovirus serotype 5 and MVA viral vectors expressing Tp1
The gene encoding the mature Tp1 protein 20 [62] [63] [64] Vaccine doses were derived from a single batch preparation manufactured at the Viral Vector Core Facility, Jenner Institute, Oxford, UK from seed stocks using specific pathogen-free CEF and T-Rex 293 A cell lines for MVA and HAd5, respectively, in certified pathogen-free media. HAd5 and MVA vectors expressing green-fluorescent protein (GFP) in place of the Tp1 protein were manufactured in parallel to a similar viral titer and used for control vaccination.
In vitro HAd5/MVA-Tp1 expression and presentation assay For Tp1 protein expression, and Tp1 epitope processing and presentation, bovine fibroblasts of the A18 haplotype (in-house cell line BFC633) were infected with HAd5-Tp1 tPA-SP , HAd5-Tp1 NAT-SP , or HAd5-Tp1 NO-SP at a multiplicity of infection (MOI) ranging from 1 to 100, and with MVA-Tp1 tPA-SP , MVA-Tp1 NAT-SP , or MVA-Tp1 NO-SP at an MOI of 1. Fibroblasts were collected 24 h post infection and exposed to 2.5 × 10 4 cells/well of an inhouse A18 Tp1-specific CTL line (BB007) and activation was measured with an ELISpot assay as described below. Medium alone, HAd5 expressing irrelevant T. parva antigens Tp4 and Tp8 restricted by another BoLA class I molecule (HAd5-Tp4 and HAd5-Tp8) at an MOI of 10 were used as negative controls, and Tp1 peptide epitope alone was used as a positive control.
Cattle, viral inoculation, and challenge Fifteen Holstein/Friesians, 7-to 13-month-old male cattle, of the A18v (BoLA-6*01302) haplotype, were divided into three groups of five animals. 
Flow cytometry
Tp1-BoLA-6*01302 peptide-MHC class I tetramer was generated as previously described. 33, 65, 66 Whole PBMC were purified on Ficoll-Paque as previously described. 33 Cells were stained with 10 µl of Tp1-BoLA-6*01302 peptide-MHC class I tetramer and antibodies against CD8 (IgG1, BoLA class I typing A first screening for A18 and A18v haplotypes was performed on a number of Holstein/Friesian cattle originating from Nyeri, Kenya, using ILRI antiBoLA antibodies (ILA35 and B4/18) and flow cytometry analysis. Positive A18 haplotypes were confirmed by ELISpot assay using Tp1 peptide pulsing of PBMC from sampled animals and matched A18v Tp1-specific CTL lines. Further confirmation was performed by SSP-PCR followed by RFLP and sequencing as previously described. 67 
IFN-gamma (γ) ELISpot assay
Interferon (IFN)-gamma (γ) enzyme-linked immunospot (ELISpot) assay was performed as previously described. 33 Briefly, CD8 + cells from whole Ficollpurified PBMC were isolated using the MACS Cell Separation system (with anti-mouse IgG MicroBeads, Miltenyi Biotec, cat # 130-048-401) following the manufacturer's instructions. A monoclonal anti-bovine IFNγ antibody (Serotec, Oxford, UK, cat. no. MCA1783) was incubated overnight at 4°C on ELISpot plates (Millipore, cat # MAIPN4550, Billerica, MA, USA) and then blocked with RPMI containing 10% heat-inactivated FBS for 2 h at 37°C. + T cell cytotoxicity assay was performed as described 66 and the full protocol can be viewed in ref. 65 Briefly, a standard 4 h-release assay using 51 Cr-labeled target cells was used. 51 Cr was obtained from American Radiolabeled Chemicals, Inc., St. Louis, MO, USA. Supernatants were counted using Lumaplates (PerkinElmer, Waltham, MA, USA) in a TopCounter (PerkinElmer, Waltham, MA, USA). The cytotoxicity was calculated as the: (experimental release minus spontaneous release/total release minus spontaneous release). Target cells were either T. parva Muguga 3087-infected autologous PBMC or Tp1 epitope ( 214 VGYPKV-KEEML 224 )-pulsed autologous PBMC. Mismatched TpM and non-pulsed PBMC served as negative controls. Peptide pulsing was performed before 51 Cr-labeling using 1 μM of the desired peptide.
Statistical analysis
Statistical analysis of data was performed with the GraphPad Prism version 6 software. When comparing two independent groups, the non-parametric Mann-Whitney test was used. When comparing three groups, a Kruskal-Wallis test with post-hoc multiple comparisons [Dunn's test] was used. To assess the animal survival, a Kaplan-Meier curve was fitted and Mantel-Cox test was used to evaluate significance. To evaluate correlation of central memory CD8
+ cells with piroplasm a linear regression was performed.
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